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The indistinguishability of non-identical photons is dependent on detection system in quantum
physics. If two photons with different wavelengths are indistinguishable for a detection system,
there can be two-photon interference when these two photons are incident to two input ports of a
Hong-Ou-Mandel interferometer, respectively. The reason why two-photon interference phenomena
are different for classical and nonclassical light is not due to interference, but due to the properties of
light and detection system. These conclusions are helpful to understand the physics and applications
of two-photon interference.
Two-photon interference is essential to test the founda-
tions of quantum mechanics [1, 2], which has been stud-
ied extensively [3, 4] since the observation of the first
two-photon interference phenomenon [5]. In the existed
studies, quantum interference is usually employed to de-
scribe multi-photon interference with nonclassical light
[4, 6]. It may mislead people to think that the reason
why multi-photon interference phenomena with classical
and nonclassical light are different is the interferences
with classical and nonclassical light are different. In fact,
the interferences with photons in classical and nonclas-
sical light are the same, which is the superposition of
probability amplitudes for different yet indistinguishable
alternatives [7]. The reason why multi-photon interfer-
ence phenomena with classical and nonclassical light are
different is the properties of light and detection system,
not interference.
The superposition principle in quantum physics is not
only valid for all orders of interference with photons in
classical and nonclassical light, but also valid for inter-
ference with massive particles [7, 8]. It is based on the
indistinguishability of different alternatives, which is re-
lated to the indistinguishability of particles. It is well-
known that identical particles can be indistinguishable.
Can non-identical particles be indistinguishable? The
answer is dependent on the properties of particles and
detection system. Non-identical particles can be indis-
tinguishable for some detection systems, while be distin-
guishable for other detection systems. In this letter, we
will employ photons to show in what conditions there is
two-particle interference with non-identical particles. All
the second-order interference of light such as two-photon
bunching of thermal light [5], Hong-Ou-Mandel (HOM)
dip [9], ghost imaging with both entangled photon pairs
and thermal light [10, 11], quantum lithography [12] can
be interpreted by two-photon interference based on su-
perposition principle [13, 14]. Although classical theory
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can be employed to interpret the second-order interfer-
ence of classical light [13, 15], we will employ two-photon
interference in Feynman’s path integral theory for it is
easy to understand the physics of calculations [7, 8] and
will give a unified interpretation for the second-order in-
terference with classical and nonclassical light.
We will take two photons with different wavelengths
in a HOM interferometer shown in Fig. 1 for example.
The wavelengths of photons A and B are different and
they incident to two input ports of a 1:1 nonpolarized
beam splitter (BS), respectively. There are two different
alternatives to trigger a two-photon coincidence count,
which are A → D1, B → D2 and A → D2, B → D1,
respectively. A → D1 is short for photon A goes to de-
tector 1 (D1) and other symbols are defined similarly. If
photons A and B are identical, these two different alter-
natives are indistinguishable and there is two-photon in-
terference [16]. Two-photon interference is still observed
with photons of different bandwidths [17] and different
central frequencies [18–20], which indicates that photons
of different spectrums can be indistinguishable.
FIG. 1: (Color online) Two photons in a HOM interferom-
eter. BS: 1:1 nonpolarized beam splitter. D: Single-photon
detector. CC: two-photon detection system.
Two-photon interference with non-identical photons
can be understood in quantum physics by taking mea-
surement into consideration. Photon is usually detected
by photoelectric effect in single-photon detector. It has
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2been proved by Forrester et al. that the time delay be-
tween photon absorption and electron release is signif-
icantly less than 10−10 s [21]. Hence in principle, the
accuracy of time measurement with photoelectric effect
can be significantly less than 10−10 s [22]. Heisenberg’s
uncertainty principle with energy and time measurement
uncertainties is ∆E∆t ≥ h¯ [23]. With E = h¯ω for pho-
tons, it is easy to get ∆ω∆t ≥ 1, where ∆ω and ∆t are
the frequency and time measurement uncertainties, re-
spectively. For a detector that can response to ωA and
ωB , these two photons are indistinguishable if |ωA−ωB | is
less than 1/∆t. It is the reason why there is two-photon
interference with photons of different spectrums in Refs.
[17–19].
The scheme shown in Fig. 2 is employed to test the
predictions. The laser is a single-mode continuous wave
laser with 780 nm central wavelength and 200 kHz fre-
quency bandwidth. P1 and P2 are polarizers. BS1 and
BS2 are 1:1 nonpolarized beam splitters. W is a λ/2
wave plate to control the polarization. RG is Rotating
ground glass to randomize the phases of photons pass-
ing through it. M1 and M2 are mirrors. L1 and L2 are
two identical lens with focus length of 100 mm and the
distance between them are 200 mm. Acoustooptic mod-
ulator (AOM) is at the confocal point of L1 and L2 to
change the frequency of laser light. H is a pinhole to
block the laser light that does not change frequency af-
ter passing through AOM. L3 and L4 are two identical
lens with focus length of 50 mm. Sa and Sb are point
pseudothermal and laser light sources, respectively. FBS
is a 1:1 nonpolarized fiber beam splitter. The distance
between L3 and the collector of FBS is equal to the dis-
tance between L4 and the collector of FBS via BS2. The
optical length between the laser and detector via M1 is
4.24 m. The single-photon counting rates of D1 and D2
are both about 50000 c/s, which means on average there
is only 1.41 × 10−3 photon in the experimental setup at
one time. Our experiments are done at single photon’s
level.
There are four different cases to trigger a two-photon
coincidence count in Fig. 2. The first one is both pho-
tons are emitted by Sa. The second one is both photons
are emitted by Sb. The third one is photon A is emitted
by Sa and photon B is emitted by Sb. The fourth one
is photon A is emitted by Sb and photon B is emitted
by Sa. In the first case, there are two different alterna-
tives to trigger a two-photon coincidence count, which
are A → D1, B → D2 and A → D2, B → D1, respec-
tively. In the second case, both photons are emitted by
laser source Sb. There should be two alternatives, too.
However, there is only one alternative since these two al-
ternatives are identical (the reason why there is only one
alternative will be discussed later). In the third case,
there are two alternatives, which are A → D1, B → D2
and A → D2, B → D1, respectively. The fourth case
is similar as the third one. For simplicity, the intensi-
ties of light beams emitted by Sa and Sb are assumed to
be equal. If all the seven different alternatives are in-
FIG. 2: (Color online) The experimental setup for two-photon
interference. Laser: 780 nm single-mode laser with bandwidth
of 200 kHz. P: Polarizer. BS: 1:1 nonpolarized beam split-
ter. W: λ/2 wave plate. RG: Rotating ground glass. S: Light
source. L: Lens. M: Mirror. AOM: Acoustooptic modulator.
H: Pinhole. FBS: Fiber beam splitter. D: Single-photon de-
tector. CC: two-photon coincidence count detection system.
See text for details.
distinguishable, the two-photon probability distribution
function is [7, 8]
G(2)(~r1, t1;~r2, t2)
= 〈|eiϕaAKaA1ei(ϕaB+pi2 )KaB2 + ei(ϕaA+pi2 )KaA2eiϕaBKaB1
+ eiϕbKb1e
i(ϕb+
pi
2 )Kb2
+ eiϕaAKaA1e
i(ϕbB+
pi
2 )KbB2 + e
iϕbBKbB1e
i(ϕaA+
pi
2 )KaA2
+ eiϕbAKbA1e
i(ϕaB+
pi
2 )KaB2 + e
iϕaBKaB1e
(iϕbA+
pi
2 )KbA2|2〉.(1)
Where ϕαβ is the initial phase of photon β emitted by
source α. Kαβγ is the probability amplitude that photon
β emitted by source α goes to detector γ (α = a and
b, β = A and B, γ = 1 and 2). The extra phase pi/2
is due to the photon reflected by the fiber beam splitter
will gain an extra phase comparing to the transmitted
one [24]. 〈...〉 is ensemble average. The four lines on the
righthand side of Eq. (1) correspond to the four different
cases above, respectively. Since the photons emitted by
Sa and Sb are independent, 〈ei(ϕa−ϕb)〉 equals 0. Taking
the phase relationship into consideration, Eq. (1) can be
simplified as
G(2)(~r1, t1;~r2, t2)
= 〈|KaA1KaB2 +KaA2KaB1|2〉
+ 〈|Kb1Kb2|2〉
+ 〈|KaA1KbB2 +KbB1KaA2|2〉
+ 〈|KbA1KaB2 +KaB1KbA2|2〉. (2)
For a point light source, Feynman’s photon propagator
is [25]
Kαβγ =
exp[−i(~kαγ · ~rαγ − ωαγtαγ)]
rαγ
, (3)
which is the same as Green function in classical optics
[26]. ~kαγ and ~rαγ are the wave and position vectors of the
3photon emitted by Sα and detected at Dγ , respectively.
rαγ = |rαγ | is the distance between Sα and Dγ . ωαγ and
tαγ are the frequency and time for the photon that is
emitted by Sα and detected at Dγ , respectively (α = a
and b, γ = 1 and 2).
Substituting Eq. (3) into Eq. (2) and with similar
calculations in Refs. [14, 19, 27–29], it is straight forward
to have one-dimension temporal two-photon probability
distribution as
G(2)(t1 − t2)
∝ 7 + sinc2 ∆ωa(t1 − t2)
2
+4 cos[∆ωab(t1 − t2)]sinc∆ωa(t1 − t2)
2
. (4)
Where paraxial and quasi-monochromatic approxima-
tions have been employed to simplify the calculations.
The positions of D1 and D2 are the same in order to
concentrate on the temporal part. ∆ωa is the frequency
bandwidth of pseudothermal light. ∆ωab is the difference
between the mean frequencies of pseudothermal and laser
light. The first term on the righthand side of Eq. (4) is
background coming from all four lines on the righthand
side of Eq. (2). The second term on the righthand side
of Eq. (4) is two-photon bunching of pseudothermal light
coming from the first line on the righthand side of Eq.
(2). The last term of Eq. (4) is two-photon interference
which corresponds to the last two lines of Eq. (2). When
the mean frequencies of these two superposed light beams
are different, two-photon beating can be observed. The
beating can only be observed within the second-order co-
herence time of pseudothermal light. The second-order
coherence time is measured to be 51 µs, which is much
larger than the beating period (≈ 5 ns). The maximum
visibility of the second-order interference pattern in Eq.
(4) is 50%.
The measured temporal two-photon interference pat-
terns are shown in Fig. 3. CC is two-photon coincidence
counts for 600 s. t1−t2 is the time difference between the
photon detection events of D1 and D2. The black squares
are raw data without subtracting any background and
red lines are sine fittings. Figures 3(a), (c) and (d) are
taken when the frequency shift of AOM is 206.80 MHz
and Fig. 3(d) is taken when the frequency shift is 217.83
MHz. Two-photon beatings are observed in Figs. 3(a)
and (b) when the polarizations of the superposed light
beams are parallel. The calculated beating frequencies
are 206.02 ± 0.08 MHz and 218.15 ± 0.07 MHz, respec-
tively. The calculated and measured frequency shifts are
consistent. The reason why there is two-photon interfer-
ence with non-identical photons is due to our detection
system can not distinguish photons with frequency differ-
ence less than 2.2 GHz [14, 19]. When the polarizations of
the light beams emitted by these two sources are orthog-
onal and P2 is removed, the photons are distinguishable
by their polarizations. Two-photon beating disappears
as shown in Fig. 3(c). When we put P2 back and set the
axis at 45◦, the orthogonally polarized photons become
FIG. 3: (Color online) Temporal second-order interference
patterns. CC is two-photon coincidence counts for 600 s.
t1 − t2 is the time difference between the photon detection
events of D1 and D2. The black squares are raw data without
subtracting any background and red lines are sine fittings.
See text for detail.
indistinguishable. Two-photon beating is observed again
in Fig. 3(d). No matter the polarizations of the photons
emitted by these two sources are parallel or orthogonal,
the single photon counting rates of D1 and D2 are con-
stant, which means the first-order interference pattern
can not be observed by either D1 or D2. Although the
photons are originated from the same single-mode laser,
the initial phases and frequencies of photons emitted by
Sa and Sb are different. Our experiments can be repeated
with independent laser and thermal light beams as long
as the frequency of each light beam is fixed during the
measurement [19].
In the same way, we can observe two-photon interfer-
ence with photons of different colors by employing a two-
photon detection system with very short time measure-
ment uncertainty. Let us take photons at 532 nm and
633 nm for example. The frequency difference between
them is 5.65 × 105 GHz, which is much larger than 2.2
GHz. Photons at 532 nm and 633 nm are distinguish-
able for our detection system and there is no two-photon
interference. The time measurement uncertainty of two-
photon absorption is at femtosecond range [30], photons
with frequency difference less than 106 GHz are indis-
tinguishable for the detection system. With two-photon
absorption as the two-photon detection system, one may
be able to observe two-photon interference with photons
of different colors in the scheme of Fig. 1.
When single-photon sources instead of classical light
sources are employed in Fig. 1, there are only two
possible alternatives to trigger a two-photon coincidence
count, which is given by the third or fourth line on the
righthand side of Eq. (2). If there is a way to elimi-
nate all the terms in Eq. (2) except the third and fourth
4lines, the observed two-photon interference pattern with
single-mode laser would be the same as the one with
single-photon sources. The visibility of two-photon in-
terference with classical light can not exceed 50% [31]. If
two-photon absorption that only responds to 2ωa0 + ∆ω
is employed as two-photon detection system, only the
last two lines of Eq. (2) are left for two-photon prob-
ability distribution function, where ωa0 and ωa0 + ∆ω
are the central frequencies of photons emitted by Sa and
Sb, respectively. The visibility of two-photon interference
pattern will exceed 50% [20]. It seems strange that “clas-
sical interference” can be transformed into “quantum in-
terference” with only the change of the detection system.
As pointed out by Dirac [32], the superposition princi-
ples in quantum and classical physics are indeed different.
The most important difference is that in classical physics
where superposition principle holds, a state superposes
with itself will get a different state with two times ampli-
tude. However, a state superposes with itself in quantum
physics will get the same state. It is the reason why two
identical alternatives only contribute one alternative in
Eq. (1) for photons in single-mode laser light. The dif-
ference between the superposition principles in quantum
and classical physics is obviously different from the one
between the quantum and classical interference discussed
above.
In conclusions, whether there is two-photon interfer-
ence or not for non-identical photons is dependent on
the properties of photons and detection system, which
can be analyzed by Heisenberg’s uncertainty principle.
Two-photon beating is observed when photons of dif-
ferent wavelengths are incident to the two input ports
of a HOM interferometer, respectively. Although it is
done with photons originated from the same laser, our
experiment can be repeated with independent laser and
thermal light sources. An experimental scheme is sug-
gested to observe two-photon interference when photons
of different colors are incident to two input ports of a
HOM interferometer, respectively. The reason why two-
photon interference phenomena are different for classical
and nonclassical light is not interference, but the different
properties of classical and nonclassical light and detec-
tion system. The studies clearly show that the observed
results in quantum physics are dependent on the mea-
surement apparatus. The conclusions can be generalized
to any order of interference with photons and massive
particles.
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